Abstract
Hexanoic acid is a valuable linear six-carbon carboxylic acid that can be used in the production of multiple biofuels and biochemicals [1, 2] . Various anaerobic bacteria have been reported as hexanoic-acid-producers [1, 3, 4] , including Megasphaera elsdenii and Megasphaera indica [5, 6] .
Species of the genus Megasphaera have been isolated from various sources, including the rumen and faeces of cattle and other animals, hay, breweries, human samples, etc. [5, [7] [8] [9] [10] [11] [12] [13] . These strains are of particular interested for their high levels of hexanoic acid production [6, 14, 15] . In a previous study, Roddick and Britz [6] showed that in situ removal of hexanoic acid resulted in increased production of hexanoic acid (up to 19 g l À1 ) when using glucose as a carbon source. Meanwhile, Choi et al. [15] reported that extractive fermentation increased hexanoic acid production up to 28.4 g l À1 when using sucrose as a carbon source. Notably, enriched species such as Megasphaera elsdenii were also found to affect the production of C 4 -C 6 carboxylic acids during thin stillage fermentation when equipped with an electrolytic extraction module [14, 16] .
Taxonomically, the genus Megasphaera is a member of the family Veillonellaceae, order Veillonellales, class Negativicutes, and phylum Firmicutes, and is characterized by Gram-stain-negative, spherical, obligate anaerobic bacteria [5] .
Seven strains of members of the genus Megasphaera have been identified as type strains of species with validly published names. As a representative strain, M. elsdenii DSM 20460
T was isolated from rumen of sheep. The closest taxonomic relative of M. elsdenii DSM 20460 T , M. indica NMBHI-10 T was isolated from the faeces and intestine of humans [5] . Medgasphaera massiliensis NP3 T was isolated from the faeces of a HIV-infected patient [17] . Conversely, Megasphaera cerevisiae DSM 20462 T , Megasphaera paucivorans DSM 16981
T and Megasphaera sueciensis DSM 17042 T were isolated from brewery-derived samples [10] and Megasphaera micronuciformis DSM 17226 T was isolated from a human liver abscess and whitlow [13] . In this study a strictly anaerobic, hexanoic-acid-producing bacterial strain, MH T , was isolated from a cow rumen as described previously [18] . On the basis of the results of a polyphasic taxonomic investigation the novel strain represents a novel species of the genus Megasphaera.
MH
T was isolated from cow rumen. Briefly, samples were suspended in saline solution and cultivated on Reinforced Clostridia Medium (RCM) agar containing 5 g hexanoic acid T were used as reference strains [9, 10, 13, 29] . Each strain was obtained from the corresponding culture collections and maintained at 30-37 C in TFY medium containing 20 g yeast extract l
À1
, 30 g peptone l À1 , 0.5 g cysteineHCl hydrate l À1 and 5 g fructose l
.
The growth temperature range and optimum growth conditions for MH T were determined on mPYF medium. Growth was assessed by measuring the OD 600 at 30-45 C and pH 5.0-8.0. The aerobicity of the strain was tested by cultivation under aerobic or anaerobic atmospheric conditions for 10 days.MH T exhibited growth at between 30 and 40 C (optimal temperature: 37 C) and between a pH of 5.5 and 7.5 (optimum pH: 6.5), which was consistent with the growth range of species of the genus Megasphaera. Likewise, MH T did not show any growth under aerobic conditions. For evaluation of colony and cell morphology, MH T was cultivated on mPYF plates (pH 7.0) at 37 C for 2-3 days. Colony morphology was evaluated after 3 days of incubation, while cell morphology was evaluated by Gram stain analysis using a Gram staining set (Difco), according to the manufacturer's instructions, as well as by scanning electron microscopy (SEM; FEI-Nova SEM; FEI) analysis. Meanwhile, cell motility and catalase production were evaluated by microscopic observation of cultures during exponential growth, using a FV-1000 confocal microscope (Olympus) and by addition of 3 % (v/v) H 2 O 2 to cells smeared on standard microscope slides, respectively. MH T exhibited coccoid cells that were 0.5-0.8 µm long by 0.8-1.2 µm wide ( Fig. 1 and Table 1 ), which were non-motile and catalase-negative.
To compare the cellular fatty acid composition of MH T with those of the reference strains listed above, each strain was cultivated on RCM agar at 30 C for 3 days to achieve late exponential phase. Cellular fatty acids were then extracted and prepared as fatty acid methyl esters, as previously described [19] , and analyzed using a Microbial Identification System (MIDI, Sherlock MIS Software version 6.2; MIDI). The cellular fatty acid profile of each strain is summarized in Table 2 . As in other strains of members of the genus Megasphaera, primary cellular fatty acids (CFA) of MH (8.2 %), and C 18 : 0 (9.4 %). However, ratios of the CFA showed considerable differences as well, CFAs such as C 9 : 0 (1.6 %), C 13 : 0 (3.2 %), C 17 : 0 (5.4 %), and C 17 : 0 DMA (2.3 %), which showed relatively lower contents, was also detected. Therefore, these CFAs of MH T distinguished it from other members of the genus Megasphaera.
Biochemical characterization of MH
T and the reference strains was carried out in duplicate using an API 50CH system (bio-M erieux) and API 20A kits (bioM erieux), according to the manufacturer's instructions. Prior to analysis, each strain was cultivated on mPYF medium at 37 C for 1 day. Notably, the results, particularly the utilization of D-fructose and D-mannose and non-utilization of D-glucose, maltose, and mannitol, clearly distinguished MH T from other related strains of members of the genus Megasphaera (Table 1) .
To characterize the metabolic end-products of MH T when cultivated in the presence of 2 % fructose as a carbon source, the fermentation broth was extracted using ether as a solvent and analyzed using a gas chromatography time of flight mass spectrometer (ToF/MS; Leco St. Joseph). Ion spectra of the metabolic end-products were then compared with those in the National Institute of Standards and Technology (NIST) library. These analyses detected the following end-products: acetic acid, butyric acid, isobutyric acid, pentanoic acid, isovaleric acid, hexanoic acid, heptanoic acid, and octanoic acid (Fig. 2 ). In addition, Jeon et al. have reported also that MH T produced 86 mM of hexanoic acid and 4.5 mM of octanoic acid using butyric acid and fructose. When propionic acid and fructose was utilized, pentanoic acid and heptanoic acid increased to 56.2 and 21.1 mM [18] . For that reason, MH T has been reported to utilize C 2-C 6 fatty acids as electron acceptors [18] .
When cultivated in PYG broth containing glucose as the sole carbon source, MH T showed slight growth and produced 1 µm acetic acid (0.3 mM), isobutyric acid (2.5 mM), butyric acid (0.026 mM), pentanoic acid (0.03 mM), hexanoic acid (3.8 mM), heptanoic acid (1.9 mM) and octanoic acid (1.3 mM). The fatty acids profile of the MH T was compared with that of M. elsdenii DSM 20460 (Fig. S1 ). M. elsdenii DSM 20460 T produced acetic acid (10.8 mM), isobutyric acid (3.5 mM), butyric acid (37.2 mM), pentanoic acid (0.1 mM), and hexanoic acid (13.1 mM). Lanjeker et al., have reported the volatile fatty acids profile of M. indica NMBHI-10
T produced acetic acid (12.8 mM), isobutyric acid (1.2 mM), butyric acid (14.2 mM), valeric acid (0.7 mM), hexanoic acid (29.5 mM), succinic acid (4.9 mM) and formic acid (10.4 mM) [5] . On the basis of these characteristics, the fatty acid profile of MH T showed distinctive differences.
The susceptibility of MH T and the reference strains to vancomycin and colistin was subsequently evaluated via the antibiotic disc method (Oxoid), as described previously [20] . For these analyses, each strain was grown in liquid mPYF medium at 37 C for 1 day and spread on mPYF plates. Antibiotics discs containing vancomycin (5 µg) or colistin (10 µg) were then placed on the plates, and the plates were incubated at 37 C for 3 days. Zones of clearance surrounding the discs indicated sensitivity to the antibiotic. The antibiotic susceptibility of each strain is summarized in Table 1 . MH T and M. elsdenii DSM 20460
T had antibiotic susceptibility only to colistin, while M. indica NMBHI-10 T showed resistance to both vancomycin and colistin.
For phylogenetic analysis of MH T , genomic DNA was extracted using a DNA extraction mini kit (iNtRON Biotechnology), according to the manufacturer's instructions, and subjected to 16S rRNA gene sequencing using the following previously described primers [21] , but with Growth at 45 [5] . †The characteritics are from Padmanabhan et al. [17] . ‡A, Acetic acid; nB, n-butyric acid; iB, iso-butyric acid; nC, n-caproic acid; iC, iso-caproic acid; nH, n-heptanoic acid; P, propionic acid; nO, n-octanoic acid; nV, n-valeric acid; iV, iso-valeric acid. modifications: 27f (forward) 5¢-AGA GTT TGA TCM TGG CTC AG-3¢ and 1492r (reverse) 5¢-TAC GGY TAC CTT GTT ACG ACT T-3¢. The amplification product (1490 bp) was sequenced using a Sanger DNA sequencer (ABI 3730XL; Applied Biosystems) by Macrogen (Seoul, Korea).
The 16S rRNA sequence of MH T was then compared with those of closely related strains obtained from the GenBank (www.ncbi.nlm.nih.gov/genbank/) and EZtaxon databases (www.ezbiocloud.net/eztaxon) [22] . Alignment and phylogenetic analysis were conducted using MEGA7 software [23] , and multiple alignments were generated using the CLUSTAL-W algorithm. Reconstruction of phylogenetic trees was carried out using the maximum-likelihood (ML) [24] , maximum-parsimony (MP) [25] , and neighbour-joining (NJ) [26] methods, and distance matrices were generated as described previously [27] . The branch stability of the phylogenetic tree was assessed with 1000 neighbour-joining bootstrap replications. T (93.0 %). In addition, the results of analysis of 16S rRNA using BLAST indicated that MH T has high similarity with some uncultivated clones or unreleased strains, and these clones have been found in human caecum (GenBank accession number LT576402), porcine intestine (GenBank accession number EU728714) and sheep rumen (GenBank accession number AB507598). Meanwhile, the results of phylogenetic tree analysis clearly indicated that MH T represents a novel member of the genus Megasphaera (Fig. 3) , it was significantly different from the most closely related strains, M. indica NMBHI-10 T (94.1 %) and M. elsdenii DSM 20460 T (93.8 %). MH T was included in the Megasphaera-Anaeroglobus clades in all trees. The Megasphaera-Anaeroglobus clade was a monophyletic group and supported by a bootstrap value of 100 in NJ, 99 in ML, and 97 in MP trees. Indeed, MH T formed a novel deep branch in the phylogenetic tree, distinguishing this microorganism from closely related strains.
The DNA G+C content of MH T , as determined by analysis of genomic DNA using a HPLC system (SP930D, Young-lin) equipped with a reversed-phase column (Waters symmetry C18 column) [28] , was 51.8 mol%. While this value was consistent with those of certain species of the genus Megasphaera, as reported by Marchandin et al. [13] , this DNA G+C content was lower than those of M. elsdenii DSM 20460 T (54.8 mol%) [20] In conclusion, the distinct phenotypic, chemotaxonomic and phylogenetic properties of MH T presented above demonstrate that this organism represents a novel species of the genus Megasphaera, for which we propose the name Megaspahaera hexanoica sp. nov. Strictly anaerobic, Gram-strain-negative, non-spore-forming, non-motile, coccoid-shaped microorganism that grows in diplococci. The average size of each cell is 0.8-1.2 µm and the C, and appear slightly yellowish, convex and opaque, with circular edges and diameter of 0.5-1 mm, after 6-7 days. Growth of the strain occurs at 30-40 C, with optimal growth at 37 C. The major end-products of the microorganism when cultivated in the presence of fructose are acetic acid, isobutyric acid, isovaleric acid, and n-caproic acid. H 2 , CO 2 , and H 2 S are produced as biogas. Negative for desulfoviridin and acetoin production, and was susceptible to a 10 µg colistin disc, but resistant to a 5 µg vancomycin disc. The major cellular fatty acids are C 12 : 0 , C 16 : 0 , and C 18 : 0 .
DESCRIPTION OF
The type strain MH T (KCCM43214 T =JCM31403 T ) was isolated from the rumen of a cow. The DNA G+C content of the type strain is 51.8 mol%. 
